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SUMMARY 


Sodium  channels  from  rac  brain  have  been  studied  at  the  single  channel 
level  in  planar  phospholipid  bilayer  membranes  and  in  cultured  glial  cells  using 
^“Na  tracer  flux  and  JH-saxitoxin  binding  methods.  In  the  presence  of  the  acti¬ 
vating  neurotoxin,  batrachotoxin  (BTX) ,  the  channels  were  selective  for  sodium 
over  other  cations  and  the  probability  of  being  open  (P  )  was  increased  by 
membrane  depolarization.  Saxitoxin  (STX)  and  tetrodotoxin  (TTX)  blocked  the  open 
channels  inducing  long-lived  blocked  periods  corresponding  to  the  toxin-bound 
state.  Hyperpolarizing  membrane  potentials  favored  STX  and  TTX  block  with  the 
for  block  increasing  about  e-fold  for  40  mV  change  in  potential.  Voltage  depen¬ 
dence  of  block  by  TTX  (monovalent  cation)  and  STX  (divalent)  was  the  same, 
leading  to  the  conclusion  that  voltage  dependence  of  block  Is  due  to  a  voltage - 
driven  conformational  change  in  the  binding  site  structure.  External  divalent 
cations  (e.g.,  Ca4"4-  and  Mg  4)  also  blocked  the  open  channels  in  a  voltage- 
dependent  manner,  presumably  by  competing  with  permeant  cation  (e.g.,  Na+)  for 
one  or  more  common  sites  in  the  channel  pore.  The  carboxyl -methylating  reagent, 
trimethyloxonium  (TMO) ,  applied  from  the  extracellular  side,  abolished  sensiti¬ 
vity  to  toxins,  reduced  single  channel  conductance  and  virtually  eliminated 
block  by  external  Ca4"4".  We  conclude  that  the  TMO- sensitive ,  toxin  binding  site 
may  be  an  essential  step  in  the  ion  permeation  process.  A  three-site,  four- 
barrier  rate  theory  model  has  been  developed  to  account  for  ion  movement  through 
the  channel  under  a  variety  of  experimental  conditions  assuming  that  permeant 
and  blocking  cations  interact  with  the  toxin  binding  site  as  they  enter  the 
channel.  Biochemical  experiments  indicated  that  BTX  and  VER-activated  Na  chan¬ 
nels  can  be  purified  from  detergent  extracts  of  rat  brain  and  reconstituted  in 
phospholipid  vesicles.  The  purified  channels  can  then  be  incorporated  into 
planar  bilayers  for  characterization.  With  this  procedure,  the  two  types  of  VER- 
activated  Na  channels  were  separated  and  were  revealed  to  have  slightly  differ¬ 
ent  molecular  weights  (235,000  and  265,000)  and  different  single  channel  conduc¬ 
tances  when  reconstituted  into  planar  lipid  bilayers.  The  opening  and  closing 
(gating)  of  batrachotoxin- activated  sodium  channels  can  be  modulated  by  external 
and  internal  divalent  cations  with  external  divalents  causing  a  depolarizing 
shift  in  the  open  probability  vs  membrane  potential  relation  and  internal  dival¬ 
ents  causing  a  hyperpolarizing  shift.  Although  some  of  these  effects  are  due  to 
interactions  of  the  divalent  cations  with  negatively  charged  phospholipids,  the 
predominant  effect  is  due  to  binding  to  one  or  more  sites  on  the  intrcellular 
and  extracellular  sides  of  the  channel  protein.  The  selectivity  for  various 
divalent  cations  on  both  sides  differs  from  that  for  open  channel  block  and 
competition  with  saxitoxin  binding  indicating  that  neither  the  saxitoxin  binding 
site  nor  the  "selectivity  filter"  within  the  channel  pore  is  likely  to  be 
involved  in  the  effects  of  divalents  on  gating.  External  divalents  preferential¬ 
ly  slowed  the  rate  of  channel  opening  whereas  internal  divalents  preferentially 
slowed  the  closing  rate.  This  suggests  that  internal  and  external  divalents  are 
capable  of  alternately  interacting  with  elements  of  the  voltage-sensing  machin¬ 
ery  of  the  channel  that  are  alternately  exposed  to  the  extracellular  or  intra¬ 
cellular  spaces  as  the  channel  closes  and  opens.  In  cultured  neonatal  rat  brain 
glial  cells  (astrocytes),  high  affinity  saxitoxin  binding  sites  and  saxitoxin 
sensitive  ^Na  influx  are  virtually  absent  until  day  8  when  the  density  of 
saxitoxin  binding  sites  and  saxitoxin  blockable  flux  begin  to  increase.  This 
spontaneous  change  can  be  prematurely  initiated  and  greatly  accelerated  by 
placing  the  cells  in  a  defined  culture  medium  without  fetal  calf  serum  but  with 
various  growth  factors.  One  or  more  of  these  medium  components  may  regulate  the 
differential  expression  of  saxitoxin-sensl tive  and  saxitoxin- insensitive  sodium 
channels  in  these  cells. 
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FOREWORD 


In  conducting  the  research  described  in  this  report,  the  investigators 
adhered  to  the  "Guide  for  the  Care  and  Use  of  Laboratory  Animals"  prepared  by 
the  Committee  on  Care  and  Use  of  Laboratory  Animals  of  the  Institute  of  Labora¬ 
tory  Animal  Resources,  National  Research  Council  (DHEW  Publication  No.  NIH  85- 
23 ,  Revised  1985)  . 

Animals  are  maintained  in  the  Central  Animal  Facility  of  the  University  of 
Maryland  School  of  Medicine.  Animals  are  housed,  cared  for,  and  used  strictly  in 
accordance  with  USDA  regulations.  The  University  of  Maryland  School  of  Medicine 
Central  Animal  Facility  is  fully  accredited  by  the  American  Association  for  the 
Accreditation  of  Laboratory  Animal  Care.  The  program  of  animal  care  is  directed 
by  a  full-time,  specialty  trained,  laboratory  animal  veterinarian.  This  institu¬ 
tion  has  an  Animal  Welfare  Assurance  on  file  with  the  NIH  Office  for  Protection 
from  Research  Risks  (OPRR) ,  Assurance  Number  A3200-Q1 

The  person  responsible  for  the  Central  Animal  Facility  is: 

Director 

Central  Animal  Facility 

University  of  Maryland  School  of  Medicine 

Medical  School  Teaching  Facility,  Redwood  and  Pine  Streets 

Baltimore,  Maryland  21201  Phone  (301)  528  7612 

Citations  of  commercial  organizations  and  trade  names  in  this  report  do 
not  constitute  an  official  Department  of  the  Army  endorsement  or  approval  of 
the  products  or  services  of  these  organizations. 
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EXPERIMENTAL  RESULTS 


A.  Specific  Aims  of  Original  Proposal. 

The  original  specific  aims  (listed  below)  have  not  changed.  During  the 
first  year,  substantial  progress  was  made  on  aims  1,  2,  and  4 .  As  a  consequence 
of  recent  results  and  developments  in  the  field,  new  experimental  approaches  to 
address  these  aims  have  been  introduced  (see  section  D) .  Progress  was  made 
during  the  second  year  on  aims  4  and  5.  In  addition  work  was  expanded  on  aim  1 
in  a  new  area  related  to  the  development  of  STX  and  TTX  binding  and  block  in 
brain  glial  cells  in  culture  (section  F) .  During  the  final  year  research  concen¬ 
trated  on  the  mechanisms  of  voltage-dependent  sodium  channel  gating  and  its 
modulation  by  divalent  cations  and  neurotoxins  (aim  5). 

1.  to  determine  the  molecular  basis  of  the  voltage  dependence  of  saxitoxin 
(STX")  and  tetrodotoxin  (TTX)  block  of  neuronal  sodium  channels. 

2.  to  examine  the  effects  of  trimethyloxonium  (TMO;  a  modifier  of  the  nega¬ 
tively-charged  toxin  binding  site)  on  ion  permeation  through  the  channels  and  on 
channel  block  by  calcium  and  strontium. 

3.  to  examine  the  effect  of  other  carboxyl  modifying  reagents  on  ion  permea¬ 
tion  and  block.  Special  attention  will  be  paid  to  carbodiimides  which  render 
sodium  channels  insensitive  to  TTX. 

4.  to  utilize  the  information  in  1  -  3  above  to  derive  a  rate  theory  model 
for  ion  permeation  through  the  channel. 

5.  to  determine  the  rates  of  opening  and  closing  of  single  sodium  channels  at 
varying  membrane  potentials  and  the  effects  of  TMO  treatment  on  these  processes . 
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C.  Race  Theory  Mode '  ng. 

Methods.  All  experiments  described  in  this  report  have  been  carried  out 
using  membrane  vesicles  prepared  from  homogenates  of  rat  brain  that  are  enriched 
in  JH-STX  binding  sices  (1).  Sodium  channels  were  incorporated  into  phosphati- 
dylethanolamine-phosphatidylserine  planar  bilayers  and  studied  in  the  presence 
of  the  activating  toxin,  batrachotoxin  (BTX;  2,3).  We  have  described  ion  move¬ 
ment  through  BTX-activated  sodium  channels  by  assuming  that  each  permeant  ion 
must  traverse  a  series  of  energy  barriers  as  it  moves  through  the  channel  pore. 
Between  each  pair  of  adjacent  barriers  is  an  energy  minimum  or  well,  occupancy 
of  which  is  energetically  relatively  favorable.  In  general,  according  to  such  a 
so-called  "rate  theory"  model,  highly  permeant  ions  encounter  low  energy  bar¬ 
riers  and  shallow  wells,  whereas  ions  that  encounter  one  or  more  very  high 
barriers  are  impermeant  and  those  that  enter  very  deep  wells  are  minimally 
permeant  and  actually  block  the  flow  of  permeant  ions.  Voltage-dependent  sodium 
channels  have  been  modeled  in  this  way  (4)  using  a  three-well  (site) ,  four- 
barrier  rate  theory  model,  however,  the  number  of  barriers  and  sites  and  their 
positions  werer  chosen  arbitrarily  to  allow  for  good  fits  to  macroscopic  cur¬ 
rent-voltage  data.  The  basic  outline  of  our  modeling  and  the  application  of  the 
model  to  the  experimental  data  were  described  in  report  AN-1-1987. 

Our  model  (Figure  1)  was  chosen  to  account  for  the  following 


Electrical  Distance 


Figure  1.  Energy  profile  for  sodium  (solid  line),  calcium  (dotted 
line)  and  potassium  (dashed  line).  In  the  rate  theory  model  used  in 
these  studies,  ions  must  traverse  all  four  barriers  to  cross  (per¬ 
meate)  the  membrane  through  the  channel. 

experimental  observations: 

1.  Trimethyloxonium  (TMO)  abolishes  STX  block  and  binding  and  profoundly 
affects  sodium  permeation  and  block  by  external  calcium  (5).  Moreover,  the  STX 
biding  site  is  probably  located  near  the  external  surface  of  the  channel  (6) . 
Thus,  the  saxitoxin  binding  site  is  assumed  to  be  an  initial  binding  site  for 
entering  cations  and  is  represented  by  the  external  energy  well. 

2.  External  calcium  blocks  in  a  voltage-dependent  manner  with  hyperpolari- 
zing  potentials  favoring  block  (7).  This  is  built  into  the  model  by  placing  a 
central  site  for  either  sodium  or  calcium  reasonably  deep  within  the  channel  so 
that  entering  cations  experience  a  significant  portion  of  the  transmembrane 
electric  field  as  they  approach  the  site.  Calcium  blocks  because  it  cannot 
readilly  traverse  the  high  barrier  just  to  the  inside  of  this  site. 
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3.  Internal  calcium  blocks  sodium  ion  movement  through  the  channels  in  a 
slightly  voltage -dependent  manner  suggesting  a  third  site,  accessible  from  and 
quite  close  to  the  intracellular  side  of  the  channel  (Worley,  Wonderlin,  Krueger 
and  French,  submitted) . 

The  flux  equations  were  solved  (by  computer)  for  each  ion,  to  generate 
predicted  single  channel  current-voltage  relations  in  the  absence  and  presence 
of  calcium  (Figure  2)  and  single  channel  conductance -sodium  concentration 


Figure  2.  Single  channel  cu- rent  vs.  voltage  relations  for  symmetrical 
125  mM  NaCl  and  10  mM  external  (A)  or  internal  (B)  calcium.  Lines 
are  predictions  from  the  rate  theory  model. 

relations  (Figure  3) .  Model  parameters  (energy  levels)  were  varied  to  obtain  a 
single  set  (Figure  1)  that  allowed  satisfactory  fits  to  all  available  data 

C«n*w«t ana,  ( »S) 
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Figure  3.  Single  channel  conductance  vs.  sodium  concentration  (symme¬ 
trical).  The  smooth  line  is  the  prediction  from  the  rate  theory  model 
described  above. 

(Worley,  Wonderlin,  Krueger  and  French,  submitted)  including  current-voltage 
relations  and  calcium  block  with  "physiological"  transraembrane  ion  concentration 
gradients  (Figure  4).  A  critical  test  of  this  model  was  to  mimic  the  effects  of 
TMO  on  both  sodium  permeation  and  calcium  block  by  manipulating  only  the  exter- 
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Figure  4.  Single  channel  current  vs.  voltage  relations  for  "physio¬ 
logical"  ion  gradients  (125  mM  Na/5  mM  K  outside;  125  mM  K/5  mM  Na 
inside)  and  10  mM  external  (A)  or  internal  (B)  calcium.  Lines  are 
predictions  from  the  rate  theory  model. 

nal  barrier  and  well.  As  shown  in  Figure  5,  by  making  the  outer  barrier  slightly 
higher  and  the  outer  well  shallower  for  sodium  and  calcium,  both  the  reduction 
in  sodium  conductance  and  the  drastic  decrease  in  potency  of  calcium  block  are 


Figure  5.  Single  channel  current  vs.  voltage  relation  for  TMO-modified 
sodium  channels  in  125  mM  symmetrical  NaCl  in  the  absence  or  presence 
of  10  mM  external  calcium.  Compare  with  Figure  2A  for  unmodified 
channels . 

accurately  reproduced.  It  was  concluded  from  these  rate  theory  modelling  studies 
that  the  experimental  data  are  consistent  with  the  saxitoxin  binding  site  ser¬ 
ving  as  a  first  and  possibly  essential  step  in  the  permeation  of  sodium  through 
open  sodium  channels  in  the  absence  of  blocking  toxins. 
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Subsequent  analysis  revealed  additional  features.  First  using  the  optimal 
four -barrier ,  three-site  model  parameters,  the  occupancy  by  blocking  calcium  ion 
of  each  site  was  computed  as  a  function  of  the  membrane  potential.  The  fraction 
blocked  is  proportional  to  the  total  occupancy.  As  can  be  seen  from  figure  lA 
below,  where  the  occupancv  of  each  site  by  calcium  is  indicated  by  the  black 
vertical  bar,  external  calcium  can  only  enter  the  outermost  L-c  sites  because 
the  third  (from  the  outside)  barrier  is  too  high  to  allow  calcium  to  cross  and 
permeate  the  channel.  Hyperpolarization  (more  negative  potentials)  dramatically 
increases  the  channel  occupancy  (primarily  at  the  central  site)  resulting  in 
voltage-dependent  block.  In  contrast,  internal  calcium  (Figure  IB)  can  enter 
only  the  innermost  site.  Occupancy  of  this  site  is  slightly  favored  by  depolari¬ 
zation  and  thus  block  by  internal  calcium  is  only  slightly  voltage  dependent. 

e 


Figure  6.  Calcium- occupancy  in  four-barrier,  three-site  model  of  the  sodium 

channel  in  the  presence  of  125  mM  Na+.  A.  Probability  of  occupancy  by  CaZ+ 

vs  V  for  10  mM  external  Ca  +.  B.  Same  as  A  but  internal  Ca  +. 
m 

These  model  predictions  are  summarized  in  Figure  7,  where  the  tota^occu- 
pancy  is  plotted  as  a  function  of  potential.  Thus,  at  10  mM  external  Ca  ,  the 
channel  is  much  more  occupied  (blocked)  at  hyperpolarized  potentials  whereas  at 
10  mM  internal  calcium,  the  channel  is  nearly  equally  occupied  (blocked)  at  all 
potentials.  The  fits  of  the  model  to  the  data  are  shown  for  external  (Figure  8A) 
and  internal  (Figure  8B)  calcium. 
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Figure  7.  Total  occupancy  .related  to  block)  by  Ca*-  for  rate  theory  model. 
Curves  are  shown  for  ' rternal,  external,  and  symmetrical,  10  mM  Ca*^ 
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Figure  8.  Fits  of  the  model  for  symmetrical  Na+  and  internal  (A)  or  exter¬ 
nal  (B)  10  mM  Ca2+. 

A  second  prediction  of  the  model  was  that  potassium  ions  should  cause 
voltage-dependent  block  of  the  channels  at  depolarized  potentials.  The  model 
prediction  is  shown  in  Figure  9  for  symmetrical  57  mM  sodium  with  and  without 
symmetricl  29  mM  potassium.  It  can  be  seen  that  only  outward  currents  are 
blocked  by  potassium.  This  voltage -dependent  block  has  recently  been  experimen¬ 
tally  verified  independently  by  Garber  and  Miller  (8)  on  muscle  sodium  channels 
in  planar  lipid  bilayers. 


Figure  9.  Rate  theory  model  prediction  of  voltage -dependent  block  by  symme¬ 
trical  K+. 
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D.  The  relationship  between  the  saxitoxin  binding  site  and  the  channel  mouth . 


It  is  usually  assumed  that  saxitoxin  and  tetrodotoxin  block  sodium  channels 
by  binding  in  or  near  the  external  mouth  of  the  channel  pore  and  sterically 
occluding  entry  of  permeant  ions  (9) .  Indeed,  it  is  implicit  in  the  rate  theory 
modelling  described  above  that  block  by  SIX  may  be  due  to  competition  between 
permeant  ions  and  toxin  for  an  essential  binding  site  in  the  permeation  pathway 
(Worley,  Wonderlin,  Krueger  and  French,  submitted).  With  either  of  these  mechan¬ 
isms,  toxin  block  may  said  to  be  by  "occlusion'’  on  the  channel.  Some  experimen¬ 
tal  evidence  leads  to  questioning  this  idea  and  the  proposal  that  STX  and  TTX 
might  bind  at  a  site  distant  from  the  mouth  of  the  channel  pore  and  block  by  an 
"allosteric"  mechanism  involving  a  conformational  change  in  the  channel  protein 
structure  (10)  .  The  allosteric  mechanism  has  been  suggested  because  the  presence 
of  a  negatively  charged  (TMO-modif iable )  carboxyl  group  associated  with  the 
toxin  binding  site  and  located  at  the  mouth  of  the  channel  pore  would  distort 
the  shape  of  the  conductance -sodium  concentration  relation  (11).  The  conduc¬ 
tance-sodium  relation  is  well  described  by  a  simple,  rectangular  hyperbola  (12 
and  Figure  3)  suggesting  that  there  is  little  negative  charge  at  the  channel 
entrance.  An  additional  test  of  the  binding  site-channel  mouth  relationship  is 
to  examine  the  effects  of  external  divalent  cations  (e.g.,  calcium)  on  the 
voltage  dependence  of  STX  block.  The  voltage -dependence  of  block  by  guanidinium 
toxins  is  thought  to  be  due  to  a  voltage -dependent  conformational  change  in  the 
structure  of  the  toxin  binding  site  rather  that  to  the  toxins  entering  the 
membrane  electric  field  because  both  STX  (a  divalent  cation)  and  TTX  (monoval¬ 
ent)  show  the  same  voltage  dependence  (6,10,12,13).  Rando  and  Strichartz  (14) 
have  suggested  that  this  voltage -dependent  block  occurs  only  when  the  channels 
are  open.  In  contrast  to  voltage-dependent  guanidinium  toxin  block,  calcium 
blocks  open  sodium  channels  with  a  similar  voltage  dependence  because  it  binds 
to  a  site  deep  within  the  channel  (see  section  C  above).  In  light  of  this 
information,  external  calcium  should  reduce  the  voltage  dependence  of  toxin 
block  (via  an  electrostatic  interaction  between  calcium  and  toxins,  both  cat¬ 
ions,  in  their  respective  binding  sites)  if  the  toxin  binding  site  is  close  to 
the  calcium  binding  site  inside  the  channel  pore  (e.g.,  at  the  entrance  to  the 
channel) .  Figure  10  shows  that  external  calcium  substantially  reduces  the  vol- 


Figure  10.  Semilog  plot  of  K*  for  STX  and  TTX  block  vs.  membrane 
potential  in  the  absence  (solid  lines)  and  presence  (dashed  lines)  of 
10  mM  extracellular  calcium. 
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Cage  dependence  of  STX  and  TTX  block,  a  result  consistent  with  a  toxin  binding 
site  at  the  extracellular  mouth  of  the  pore.  Green  et  al .  (10)  have  reported 
that  external  zinc,  which  exhibits  similar  voltage -dependent  block  of  sodium 
channels,  does  not  affect  the  voltage  dependence  of  guanidinium  toxin  block.  At 
the  present  time,  the  spatial  relationship  between  the  STX  binding  site  and  the 
channel  entrance  is  unclear  and  there  is  not  sufficient  information  to  unequivo¬ 
cally  distinguish  between  the  "occlusion"  and  "allosteric"  models  for  toxin 
block. 


E.  Purification  and  Characterization  of  Two  Sodium  Channels . 

H-STX  binding  sites  have  been  purified  from  homogenates  of  rat  brain  by 
solubilization  in  Triton  X-100  and  fractionation  by  normal  and  HPLC  column 
chromatography  (15)  .  The  binding  sites  were  first  fractionated  by  ion  exchange 
and  lectin-affinity  chromatography.  Concentrated  samples  were  then  sized  by  HPLC 
gel  filtration  and  the  final  purification  step  was  by  HPLC  DEAE  ion  exchange 
with  a  100  -  250  mM  KC1  gradient.  The  overall  purification  scheme  is  summarized 
below: 


SODIUM  CHANNEL  PURIFICATION 


5-Step  Method 

Specific  Activity 

(pmol/ml) 

Yield 

(percent) 

Purification 

(fold) 

Solubilized  P3 

5.1 

100 

1 

DEAE  Sepharose 

73 

85 

14 

Hydroxylapatite 

83 

21 

16 

WGA 

423 

13 

83 

HPLC  Molecular  Sieve 

1236 

4.5 

242 

HPLC  DEAE  Gradient 

2921 

3.4 

547 

The  final  fractions  are  nearly  pure  (estimated  specific  activity  of  pure  chan¬ 
nels  of  molecular  weight  315,000  is  3170  pmoles/mg) .  The  purified  H-STX  binding 
sites  were  reconstituted  in  phospholipid  vesicles  by  removal  of  detergent  and 
were  incorporated  into  planar  bilayers  for  determination  of  functional  activity 
(2,16).  In  the  presence  of  BTX,  the  channels  were  similar  to  unpurified  channels 
incorporated  directly  from  native  membrane  vesicles.  Depolarizing  potentials 
induced  channel  opening,  the  single  channel  conductance  was  about  25  pS  in  150 
mM  NaCl  and  external  STX  blocked  in  a  voltage-dependent  manner  (Figure  11). 
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Figure  11.  Voltage  dependent  block  by  STX.  A.  Two  purified  BTX-activated 
channels  were  incorporated  into  a  planar  bilayer.  Five  nM  STX  induced  long- 
lived  closing  (blocked)  periods.  B.  The  potency  of  block  (inversely  related 
to  Kd)  was  greater  at  depolarized  (positive)  potentials. 

In  tracer  flux  experiments,  veratridine  (VER)  has  been  found  to  act  on 
sodium  channels  synergistically  with  polypeptide  toxins  from  scorpion  and  sea 
anemone  venoms  (17).  This  synergism  may  be  also  be  seen  in  bilayer  experiments 
(Corbett  and  Krueger,  submitted  and  report  AN-1-1986)  in  which  polypeptide 
toxins  increased  the  probability  of  the  channel  being  open. 

With  purified  channels  two  STX-sensitive  conductance  states  were  observed 
(about  15  and  25  pS  in  BTX  and  5  pS  and  10  pS  in  veratridine) .  Interestingly, 
sea  anemone  polypeptide  neurotoxin  dramatically  increased  the  probability  of 
being  open  for  only  the  channels  with  the  larger  conductance  (Figure  6).  In 
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preliminary  experiments,  critical  examination  of  the  polypeptide  composition  of 
active  ^H-STX  binding  fractions  from  the  HPLC  DEAE  ion  exchange  column  revealed 
that  the  early  part  of  the  peak  was  composed  primarily  of  a  235kD  a  subunit 
whereas  the  later  part  of  the  activity  peak  contained  a  265  kD  a  subunit. 
Scorpion  polypeptide  toxin  greatly  increased  the  open  probability  of  the  large 
conductance  channel  (235  kD,  10  pS)  and  increased  the  single  channel  conductance 
of  the  265  kD  channel  from  5  to  9  pS  (Figure  12) .  The  possible  relationship  of 
these  two  types  of  brain  sodium  channels  to  the  two  distinct  sodium  channel 
genes  reported  by  Noda  et  al.  (18)  requires  further  investigation. 

-55  mV,  Control 


Currant  (pA) 


Figure  12.  Amplitude  histograms  of  purified,  reconstituted  sodium  channels 
in  planar  bilayers  in  the  presence  of  VER  and  sea  anemone  polypeptide 
toxin.  Top:  The  large  peak  represents  the  closed  state  and  the  smaller  peak 
is  the  combination  of  5  and  10  pS  sodium  channels.  Bottom:  addition  of  200 
nM  sea  anemone  toxin  (AxTx)  selectively  increases  the  probability  that  the 
larger,  10  pS  channel  will  be  open. 


F.  Development  and  Modulation  of  STX/TTX- sensitivity 
Cortical  Astrocytes. 


of  Sodium  Channels  in  Rat 


In  collaboration  with  Dr.  Paul  J.  Yarowsky,  Department  of  Pharmacology  and 
Experimental  Therapeutics,  University  of  Maryland,  we  have  been  studying  changes 
in  the  SIX  and  TTX  sensitivity  of  sodium  channels  in  neonatal  rat  cortical 
astrocytes  (19).  These  glial  cells,  previously  thought  to  have  few  if  any  vol- 
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cage -dependent  channels,  have  recently  been  shown  to  have  a  variety  of  channel 

types  similar  to  those  in  nerve  and  muscle  cells  ( 20 )  .  In  early  cultures  (up  to 

about  7  days),  there  i;  substantial  BTX- activated  ^Na-influx  but  virtually  no 

detectable  high  affinity  ^H-STX  binding  activity.  Block  of  influx  by  STX  behaved 

as  a  single  site  blocking  reaction  with  a  of  more  than  100  nM.  From  day  7  to 

12,  high-affinity  (K^  -  1  nM)  JH-STX  binding  activity  increased  rapidly  (Figure 

13)  with  no  overall  change  in  BTX-activated  influx.  At  two  weeks  or  later,  there 

were  two  components  of  block,  one  with  a  estimated  to  be  somewhat  less  than  1 

nM  and  the  other  with  a  of  100  -  500  nM  (Figure  14) .  We  interpret  these 

results  to  indicate  that  initially,  the  astrocytes  have  only  STX/TTX- insensitive 

sodium  channels  and  that  from  7-12  days  in  culture,  some  of  these  are  replaced 

with  (possibly  newly  synthesized)  STX- sensitive  channels  that  may  be  similar  to 

those  in  neurons  with  a  K.  of  about  1  nM. 
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Figure  13.  High  affinity  JH-STX  binding  to  neonatal  rat  brain  astrocytes. 
The  density  of  STX  binding  sites  spontaneously  increases  between  day  8  and 
day  12.  (^)  ,  control;  (O)  ,  chemically  defined  medium  added  on  day  7. 
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Figure  14.  Two  components  of  neurotoxin-stimulated  ^Na  influx  into  neonatal 
rat  brain  astrocytes.  Top  (7  day)  :  All  influx  is  blocked  by  STX  with  a 
single  Kj  of  about  100  nM.  Bottom  (14  day):  About  40%  of  the  influx  is 
blocked  by  about  0.5  nM  STX  and  the  remainder  by  100-200  nM  STX. 
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Figure  15.  Changes  in  BTX-activated  2Na  influx  (filled  circles)  and  H-STX 
binding  (open  circles)  as  a  function  of  time  in  neonatal  rat  cortical 
astrocytes.  Left:  STX  binding  undergoes  a  five-fold  change  from  day  6-8  to 
times  older  than  13  day.  Sodium  influx  is  about  the  same  at  early  and  later 
times.  Right:  detail  of  the  increase  in  high  affinity  JH-STX  binding  from 
day  7  to  14. 

The  appearance  of  high  affinity  H-STX  binding  sites  developed  over  a  six-day 
period  from  days  8  to  14  (Figure  15).  During  this  time  ^Na  influx  through  Na 
channel  was  quite  significant:  up  to  one  week  in  culture  this  flux  was  entirely 
through  STX- insensitive  channels  (Figure  14,  top).  Concurrently  with  the  appear¬ 
ance  of  high  affinity  STX  binding  sites  (Figure  15),  a  component  of  influx 
sensitive  to  nanomolar  concentrations  of  STX  appears  (Figure  14,  bottom).  This 
appearance  of  Na  channels  with  high  sensitivity  to  STX  can  be  stimulated,  within 
two  days,  by  removal  of  fetal  calf  serum  from  the  culture  medium  and  simultan¬ 
eous  addition  of  chemically  defined  medium  containing  salts,  amino  acids  and 
several  polypeptide  growth  factors  (19).  We  believe  that  one  or  more  of  these 
factors  stimulates  the  appearance  of  high  affinity  channels. 

G.  Modulation  of  Sodium  Channel  Gating  by  Divalent  Cations. 

We  have  been  studying  the  effects  of  external  and  internal  divalent  cations 
on  the  opening  and  closing  (gating)  of  BTX-activated  sodium  channels  in  planar 
bilayers  (21-23).  It  has  been  known  for  about  20  years  that  increasing  external 
Ca2+  depresses  excitability  primarily  by  reducing  the  probability  of  opening  of 
sodium  channels  (24).  It  has  been  unclear  whether  this  effect  is  due  to  interac¬ 
tion  of  the  divalent  cations  with  negatively  charged  phospholipids  or  the  chan¬ 
nel  itself,  or  both.  We  have  addressed  this  problem  by  studying  the  effects  of 
divalent  cations  on  sodium  channel  gating  in  uncharged  (phosphatidylethanol- 
amine)  or  negatively  charged  (phosphatidylserine)  bilayers.  As  shown  in  Figure 
16,  external  Ca2+  causes  a  depolarizing  shift  in  the  probability  of  being  open 
(PQ)  vs  Vm  in  both  neutral  (left)  and  negatively  charged  (right)  bilayers.  The 
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Figure  16.  PQ  vs  Vm  for  a  single  sodium  channel  in  a  neutral  (PE)  bilayer 
(A)  and  in  a  negatively  charged  (PS)  bilayer  (B) .  Methods  are  described  in 
reference  1.  (£)  ,  control;  ,  +  10  mM  Ca  . 

shift  in  negative  bilayers  was  always  larger.  Thus,  some  of  the  effects  of 
divalent  cations  are  due  to  an  interaction  with  the  protein,  although  addition 
of  negatively  charged  lipids  also  causes  a  small  amount  of  hyperpolarizing 
shift.  Complementary  results  were  obtained  with  internal  Ca2  ,  viz.,  a 
hyperpolarizing  shift  was  observed  that  was  larger  in  negative  bilayers.  This  is 
summarized  in  Figure  17.  In  neutral  bilayers  (A),  external  Ca2+  caused  a 


Figure  17.  Ca2+- induced  shifts  in  sodium  channel  gating.  Curves  show  the 
average  shift  in  PQ  vs  V  relations  for  external  or  internal  Ca/+  (10  mM) 
A.  results  in  neutral  bilayers;  B,  negatively  charged  bilayers;  C.  Effect 
attributable  to  negatively  charged  lipids,  i.e.,  shift  in  negative  lipids 
minus  shift  in  neutral  lipids. 

2+ 

depolarizing  shift  whereas  internal  Ca  caused  a  hyperpolarizing  shift.  Both 
effects  were  larger  in  negative  bilayers  (B) .  In  both  bilayers,  the  effect  of 
external  Ca2+  was  larger  than  that  of  internal  Ca2+  possibly  due  to  a  higher 
density  of  binding  sites  on  the  outside  of  the  channel.  The  net  shifts  due  to 
the  negative  lipids  (C:  B-A)  were  symmetrical  (i.e.,  the  same  for  internal  and 
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external  Ca2+)  indicating  that  the  influence  of  the  negatively  charged  lipid 
headgroups  was  of  equal  strenth  from  both  the  external  and  internal  sides  of  the 
bilayer. 

Since  the  STX  binding  site  at  the  external  mouth  of  the  channel  pore  is 
negatively  charged  (5),  it  was  of  interest  to  determine  if  Caz+  binding  at  this 
site  accounted  for  some  of  the  observed  effects  on  gating.  To  address  this 
question,  we  compared  the  shifts  in  the  midpoint  of  the  Na  channel  PQ  vs  Vffl 
relations  with  the  degree  of  block  of  the  channel,  for  each  of  several  divalent 
cations.  As  shown  in  Table  I,  the  order  of  efficacy  for  shifting  was  similar  but 
not  identical  to  that  for  block.  Thus,  it  is  unlikely  that  the  STX  binding  site 
is  involved  in  the  modulation  of  channel  gating  by  divalent  cations. 


Table  IA.  Divalent  Cation- Induced  Shifts  in  V q  ^ 


AV 


0.5 


NEUTRAL  NEGATIVELY  CHARGED 


0.5 

mM 

Zn2+ 

10.2 

+ 

1.3 

mV 

(3) 

14.4 

+ 

1.7 

mV 

(3) 

* 

5.0 

mM 

Ca2+ 

16.3 

1.0 

mV 

(4) 

21.6 

+ 

3.0 

mV 

(4) 

* 

5.0 

mM 

Ba2+ 

13.6 

+ 

0.8 

mV 

(5) 

18.1 

+ 

1.1 

mV 

(5) 

** 

5.0 

mM 

Sr2+ 

00 

+ 

1.2 

mV 

(4) 

16.9 

+ 

2.3 

mV 

(5) 

# 

5.0 

mM 

Mg2+ 

8.5 

+ 

2.0 

mV 

(3) 

15.0 

+ 

0.5 

mV 

(3) 

## 

DVq  5  is  the  depolarizing  shift  in  the  midpoint  of  the  PQ  versus  Vffl  rela¬ 
tion  induced  by  external  divalent  cations.  Neutral  bilayers  were  composed 
of  80%  PE,  20%  PC.  Negatively- charged  bilayers  were  composed  of  56%  PE,  44% 
PS.  The  data  show  means  +  s.e.m  (number  of  observations).  For  each  divalent 
cation,  DVq  5  was  significantly  larger  in  negatively  charged  bilayers  (*, 
p< . 05 ;  **,  p<.005;  #,  p< .07;  ##,  p<.02).  Methods  are  described  in  ref.  1. 

Table  IB.  Block  of  Na  Channels  by  External  Divalent  Cations 


NEUTRAL 


NEGATIVELY  CHARGED 


5.0  mM  Zn2+ 
0.5  mM  Zn2+ 
5.0  mM  Ca2+ 
5.0  mM  Mg2+ 
5.0  mM  Sr2+ 
5.0  mM  Ba2+ 


77  +  1%  (3) 
39  +  1%  (4) 
46  +  1%  (3) 
42  +  1%  (5) 
29%  (2) 

16  +  2%  (5) 


77%  (2)  * 
36  +  1%  (4)  # 
50  +  1%  (4)  # 
39  +  2%  (5)  # 
31  +  3%  (4)  # 
13  +  1%  (6)  # 


The  membrane  potential  was  -80  mV.  Neutral  bilayers  were  composed  of  80% 

PE,  20%  PC;  negatively-charged  bilayer  were  composed  of  56%  PE,  44%  PS. 
Block  is  expressed  as  iHe2+Amax  x  The  data  show  means  +  s.e.m  (num¬ 

ber  of  observations).  For  each  divalent  cation,  block  was  no  greater  in 
negatively  charged  bilayers  than  in  neutral  bilayers  (*,  p>0.98;  #,  p>.99). 

We  have  also  studied  the  effects  of  external  and  internal  divalent  cations 
on  the  rates  of  channel  opening  and  closing  (22,23).  For  this  purpose,  we  used 
Ba2+  which  is  a  good  shifter  (Table  IA)  but  a  poor  blocker  (Table  IB) .  This 
problem  was  addressed  by  determining  the  single  channel  open  and  closed  dwell 
time  distributions  which  were  well  described  by  single  exponentials  at  the 
potentials  where  gating  is  most  voltage -dependent.  Under  these  conditions,  the 
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lean  closed  time  is  the  reciprocal  of  the  opening  rate  and  the  mean  open^time  is 
the  reciprocal  of  the  closing  rate.  As  shown  in  Figure  18A,  external  Ba“  both 
increased  the  closing  rate  and  decreased  the  opening  rate,  but  had  a  larger 
effect  of  the  opening  rate.  Internal  BaZ+  decreased  the  closing  rate  and  in¬ 
creased  the  opening  rata  but  had  a  larger  effect  of  the  closing  rate  (Figure 
13B) .  In  14  experiments,  external  Ba"+  doubled  the  closing  rate  and  tripled  the 
opening  race.  In  12  experiments,  internal  BaZ+  tripled  the  closing  rate  and  only 
doubled  the  opening  rate. 


Figure  18.  Distributions  of  open  (A  and  C)  and  closed  (B  and  D)  dwell  times 
of  a  single  Na  channel  in  the  absence  of  divalent  cations  (A,  B)  and  after 
addition  of  5  mM  Baz+  (C,  D)  to  the  extracellular  side  (left)  or  the 
intracellular  side  (right).  Membrane  potential  -  -84  mV  (1)  and  -98  mV  (r). 
The  graphs  are  plots  of  the  number  of  openings  (N)  of  duration  t  versus 
duration.  Opening  and  closing  rate  constants  were  computed  as  the  recipro¬ 
cals  of  sc  and  sQ,  respectively.  Methods  are  described  in  refs.  22  and  23. 
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We  interpret  our  data  to  suggest  that  in  the  closed  state  a  negatively 
charge  component  of  the  channel's  gating  apparatus  is  exposed  to  the  outside 
where  it  can  bind  a  divalent  cation.  The  charged  group  moves  into  the  channel 
protein  as  the  channel  opens  but  can  only  do  so  when  the  divalent  cation 
dissociates,  thus  accounting  for  the  preferential  slowing  of  the  opening  rate. 
The  effect  of  internal  divalent  cation  is  complementary,  causing  preferential 
slowing  of  the  opening  rate.  As  shown  in  Figure  19,  we  believe  that  these 
charges  are  the  terminal  charges  on  strings  of  negatively  charges  within  the 
channel  protein  that  move  outward  as  the  channel  closes.  Recent  molecular  bio¬ 
logical  studies  have  identified  segments  in  the  primary  amino  acid  structure  of 
the  channel  that  might  be  candidates  for  these  gating  charges  (18) . 


a  Closed  o  Coen 


Figure  19.  A  hypothetical  model  for  certain  structural  elements  of  the 
voltage-gated  Na  channel  that  is  consistent  with  our  results.  Negative 
charges  ( <3  )  may  be  aspartate  or  glutamate  residues  on  a  transmembrane 
helix,  of  which  there  are  probably  four.  Countercharges  (S  )  may  be  ar¬ 
ginine  residues  on  S4  (7).  The  terminal  negative  charge  on  the  extracel¬ 
lular  side  of  the  channel  is  exposed  and  able  to  bind  divalent  cations  only 
when  the  channel  is  closed  (a) .  The  internal  terminal  charge  is  exposed 
only  when  the  channel  is  open  (b) ;  intracellular  divalent  cations  can  bind 
to  this  charge,  immobilize  the  gating  mechanism,  and  stabilize  the  open 
state . 

H.  Batrachotoxin+a  scorpion  toxin- activated  sodium  channels  do  not  close . 

In  the  presence  of  batrachotoxin  (BTX),  Na  channels  display  voltage-depen¬ 
dent  gating  with  a  midpoint  of  the  open  probability  (PQ)  vs  Vm  relation  being  - 
90  to  -100  mV  (c.f.,  Fig.  16  and  ref.  3,  21).  Scorpion  venom  (L.  quinquestria- 
Cus )  or  a  scorpion  toxin,  a  polypeptide  toxin  purified  from  that  venom,  affects 
Na  channel  gating  by  slowing  inactivation  and  by  potentiating  the  activating  ef¬ 
fects  of  BTX.  Scorpion  toxin  binds  to  the  channels  with  high  affinity  (=s  1-10 
nM)  at  a  site  distinct  from  that  of  BTX  or  STX  (25).  We  have  found  that  addition 
of  either  scorpion  venom  or  a  scorpion  toxin,  in  the  presence  of  BTX  holds  the 
channels  in  an  open  configuration  a  potentials  as  negative  as  -140  mV  (Fig.  20). 


Vm  (rrW) 

Figure  20.  ProbabiliCy  of  being  open  (P  )  vs  V  for  single  BTX- activated  Na 
channels  in  the  absence  or  presence  of  scorpion  venom  (L.  quinquesCriaCus 
quinquescriacus ) .  The  channel  is  open  nearly  all  of  the  time  at  potentials 
up  to  -140  mV,  the  most  negative  potential  normally  tolerated  by  the  planar 
bilayer.  (Q)  ,  concrol;  (£)  ,  +  100  nM  scorpion  venom  (LqV)  . 

This  capability  to  monitor  single  channel  current  at  very  large  negative 
potentials  provides  the  opportunity  to  study  previously  unaccessible  aspects  of 
ion  permeation  and  block  and  the  mechanisms  of  STX/TTX  block.  For  example,  Ca^+ 
is  only  slightly  permeable  through  Na  channels  and  detection  of  single  channel 
currents  carried  by  Ca^+  is  not  possible  with  present  methods.  At  very  negative 
potentials,  some  Ca^+  may  be  driven  past  the  blocking  site  resulting  in  release 
of  block  which  may  be  detectable.  STX  block  has  been  demonstrated  to  be  voltage  - 
dependent  with  hyperpolarizing  potentials  favoring  block  (decreasing  ;  refs. 

3,  10,  13).  The  voltage -dependence  of  STX  and  TTX  block  is  similar  suggesting 
that  the  voltage  dependence  arises  from  a  voltage-dependent  conformational 
change  in  the  toxin  binding  site  rather  than  from  entry  of  the  toxin  into  the 
channel  pore  (6).  This  hypothesis  could  be  directly  tested  by  measuring  block  at 
very  large  negative  potentials  where  a  limiting  high  affinity  state  would  be 
expected  to  be  reached.  The  extended  potential  range  available  with  the  BTX  + 
scorpion  toxin- activated  channels  should  provide  this  capability. 
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